Antibiotic resistance is a major global health threat. High prevalences of colonization and infection with multi-drug resistance organisms (MDROs
. High prevalences of colonization by, and infection due to MDROs, such as vancomycin-resistant enterococci (VRE), or methicillin-resistant Staphylococcus aureus (MRSA), have been reported in patients undergoing dialysis [11] [12] [13] [14] . However, it is currently unknown if non-dialysis CKD patients are at higher risk of infections caused by MDROs. Studying these infections is relevant given the potential nephrotoxicity of second and third line antibiotics 15 . What is worse, these patients can potentially transmit MDROs to patients in other sections of the healthcare facilities.
Since the recognition of CKD remains low 4 , pre-admission baseline kidney function, such as estimated glomerular filtration rate (eGFR), is not always available when patients are admitted to hospital. In clinical practice, eGFR at the time of admission represents an important indicator of kidney function that may help to inform clinical decision making, even though reduced eGFR at admission may represent acute and/or chronic kidney dysfunction.
The aim of this study was to explore the association between kidney function at admission and the risk of infections by MDROs in patients hospitalized with infections. Secondly, we tried to identify specific microbial patterns of infection among them. The existence of such patterns would help to inform public planning strategies to cope with antibiotic resistance.
Results
The flowchart of included microbial cultures. In total, 42,863 patients had 57,558 hospitalizations with infections during the study period. In their first hospitalization, 20,642 patients had 94,445 microbial culture results (both positive and negative). After excluding those without positive microbial results or infection diagnoses that were not matched to a culture confirmed sample, a total of 7,228 incident hospitalized patients with the first positive microbial culture results were included. Of these, 509 patients had eGFR available at a prior outpatient visit 1-12 months before hospitalization. Those samples with positivity for Staphylococcus aureus, Enterococcus spp., Enterobacteriaceae, Pseudomonas aeruginosa and Acinetobacter spp. accounted for 68.9% (5,028/7,228) of the first positive cultures. Among them, 51.0% (2,565/5,028) were MDROs ( Fig. 1) .
Baseline demographics of patients in different groups.
Of included patients (n = 5,028), 58.6% were females and the mean age was 70 years. The majority (n = 3,038, 60.4%) had normal or near-normal kidney function (eGFR of 60-104 ml/min/1.73 m 2 ). The most common comorbidities were cerebrovascular disease (35.0%), diabetes mellitus (30.3%), chronic obstructive pulmonary disease (18.6%), and cancer (17.9%). Undefined infection-related hospitalizations (IRHs) were the most common IRHs (64.0%), followed by community-acquired (26.0%) and healthcare-associated IRHs (10.0%). The prevalence of comorbidities was higher in lower eGFR categories (Table 1) .
Culture positive rates. In the first hospitalization, 20,642 patients had 94,445 microbial culture results with eGFR available at admission. The culture-positive rate was 21.8%, 20.8%, 30.3%, 10%, 25% in overall, sputum, midstream, venous blood and other types of specimen, respectively. A higher overall culture-positive rate was observed as eGFR declined (P = 0.06). When categorized according to specific sample source, the same pattern remained only in the sputum (P < 0.01). There were no significant differences observed for culture positive rates in midstream urine (P = 0.6), venous blood (P = 0.7) or other specimen types (P = 0.7) (Supplementary Table 3 ).
Infection and microbial pattern in the first positive culture. Respiratory tract, genitourinary and bloodstream infections were the leading infections in these patients. (Supplementary Fig. 1 ) In 7,228 first positive microbial cultures, Gram-negative (G−) bacteria were the most commonly detected bacteria in the positive cultures, followed by Gram-positive (G+) bacteria, mycoplasmataceae and fungi. Compared to patients with eGFR 60-104 ml/min/1.73 m 2 , the proportion of G− bacteria decreased (from 68% to 63%) across decreasing eGFR strata, while the proportion of G+ increased (from 14% to 18%). Among the G+ bacteria noted, Staphylococcus aureus (SA) was the most common among patients with eGFR ≥ 30 ml/min/1.73 m 2 , and Enterococcus spp. the most common one among patients with eGFR < 30 ml/min/1.73 m 2 . Among the G− bacteria, Escherichia coli (E.coli) was the most common of all, followed by Klebsiella (Supplementary Fig. 2 ).
MDROs in the first positive culture. In 2,565 MDROs, a different pattern in the first positive culture was observed according to different eGFR categories. G+ MDROs increased while G− MDROs decreased from eGFR between 60-104 ml/min/1.73 m 2 . Enterobacteriaceae spp. were the predominant MDROs, followed by Enterococcus spp., Acinetobacter spp., SA and Pseudomonas aeruginosa. Compared with eGFR between 60-104 ml/ min/1.73 m 2 , the proportion of Enterococcus spp. started to rise as the eGFR declined. (Fig. 2) . The crude MDRO proportions in the first positive cultures were 49.2%, 49.9%, 53.5% and 58.0% in patients with eGFR ≥ 105, 60-104, 30-59 and <30 ml/min/1.73 m 2 , respectively. Regarding specific pathogen subgroups, the crude multidrug-resistant ratio increased with decreasing eGFR for MRSA, Enterobacteriaceae spp., Enterococcus spp. and Acinetobacter spp., but decreased for Pseudomonas aeruginosa. The same trend was observed in the stratified analyses by disease subgroups and specimen subgroups, but not in venous blood specimen subgroups ( In subgroup analysis, the trends persisted across sex, age strata, single pneumonia, single urinary tract infections, sepsis, community-acquired infection, health-care associated infection and in patients with or without diabetes, although they did not reach statistical significance (Fig. 3) .
In those with eGFR values determined 1-12 months prior to hospitalization, a sensitivity analysis demonstrated consistently higher risk of MDROs in those with lower eGFR categories, although the results were not statistically significant in this relatively small group (Supplementary Fig. 3 ). The higher odds of MDROs in those with low eGFR values at admission were observed, regardless of whether or not reduced renal function existed at a prior outpatient visit ( Supplementary Fig. 4 ).
Discussion
Our study shows that poorer kidney function at the time of hospital admission is associated with a higher probability of having MDROs. To our knowledge, this is the first study examining the association of kidney function at admission with infection by MDROs in adults without end-stage renal disease (ESRD). The finding in the current study of such an association is of potential clinical relevance. The main clinical application of this study lies in the need to consider the presence of renal dysfunction at admission as a signal to pay closer attention to the microbial culture results, given that identified pathogens may be potentially resistant to first-line initial antibiotics. Therefore, a subsequent modification of the initial antimicrobial therapy is needed if resistance to the current Previous studies have mainly focused on the higher risk of infection caused by MDROs, such as MRSA and VRE, in patients undergoing hemodialysis (1, 2) 11-14 . To our knowledge, there are no data to suggest whether or not the association may extend to milder levels of reduced renal function not requiring dialysis. Shorr et al. documented that long-term hemodialysis was an independent risk factor associated with infection due to antibiotic resistant bacteria 16 . An analysis from the CDC Active Bacterial Core surveillance (ABCs) system showed that the incidence of invasive MRSA infection in dialysis patients was 23.3 cases per 1000 persons, a rate that was 100 times greater than that in the general population 14 . Similar statistics have been reported from the United Kingdom (UK), where 4.2% of all episodes of MRSA bacteremia occurred among dialysis patients 17 . Our findings showed that higher odds of infection caused by MDROs were observed as the eGFR declined below 60 ml/ min/1.73 m 2 , and were even higher in the group eGFR < 30 ml/min/1.73 m 2 compared to the group with eGFR between 60-104 ml/min/1.73 m 2 . Many factors might contribute to the higher odds of MDRO infections in patients with reduced renal function. Frequent exposure to antibiotics is the main driver of ABR 1 . Patients with reduced eGFR have a higher risk of antimicrobial exposure due to their susceptibility to infections 6, 8, 9, [18] [19] [20] , either prescribed by physicians or self-prescribed. Infection susceptibility due to immune dysfunction has also been proposed in patients with impaired renal function, including increased production of reactive oxygen species (ROS), accumulation of toxic products, and functional abnormalities of monocytes, T lymphocytes and natural killer cells 21, 22 . Furthermore, patients with more severely reduced renal function generally have more frequent contact with healthcare personnel and environments (e.g. hospitals), as well as other patients, due to comorbidities and complications 6 . This increases their potential exposure to MDROs. The high proportion of MDROs in our study is comparable to that of other studies in China (such as MDR Acinetobacter baumannii: 57.5-72.8%, MRSA: 44.6-73.5%) 23, 24 . China is one of the leading antibiotic prescribing countries in the world and is facing the problem of misuse and overuse of antibiotics [25] [26] [27] . This might be the reason for the higher proportion of MDROs in the microbial results in our study than those in other western countries. The Chinese central government has started to address this problem with a more stringent antimicrobial stewardship policies since 2012, including restriction of antibiotic prescription to doctors, prevention of self-prescription, development of audit and inspection systems, and investigation and reassignment of responsibility to hospital management staff who violate rational use policies. These initiatives may take some time to mitigate the increased susceptibility of patients with reduced eGFR due to MDRO infection 24, 28 . For physicians in clinical practice, close attention to eGFR at admission should inform clinical decision-making regarding rational prescription of initial and subsequent antibiotics in order to control the antibiotic resistance problem. The strengths of this real-world study are its careful design and richness of information including microbial cultures from linked electronic medical databases. Although a high presence of MDROs has been documented in China, we were able to identify different odds or risks of MDROs across different eGFR strata even in the high MDRO context. Our findings are from Guangzhou, a city in the southern part of China, and may not be generalizable to other populations. However, we speculate that comparable associations may also be present in other populations with similar social status, income level and accessibility to antibiotics. The results should be interpreted considering the following limitations. (1) To define renal function, we used a single measurement of eGFR at admission, which may have resulted in misclassification of true eGFR as patients' renal function may not have been in steady state at the time. Thus, it was not possible to determine with certainty whether patients with low eGFR values at hospital admission had acute kidney injury, chronic kidney disease or a combination of the two. A sensitivity analysis examining the relationship between eGFR values determined 1-12 months prior to hospitalization and MDROs demonstrated consistent findings to those of the main analysis, although the results were not statistically significant, possibly due to the more limited sample size. (2) We only focused on the first positive culture as the outcome, which was influenced by culture positive rate, previous hospitalization, antibiotic use before admission or admission from a nursing home [29] [30] [31] . There was no significant difference in culture positive rates among patients with different eGFR categories in our sample (Supplementary Table 3 ). However, we did not have access to a regional registry that allowed us to identify previous hospitalization and antibiotic use. (3) A positive culture could be related to contamination or colonization, rather than indicating the causative pathogen of infection. The possibility of a false positive culture result was mitigated by specifically matching a symptomatic clinical diagnosis with relevant types of positive culture samples. Residual and unknown confounding may have influenced our estimates. (4) As this is an observational study, the observed association between impaired renal function and MDROs cannot be used to draw causal inferences.
Our study suggests that patients with CKD at admission have a higher likelihood of having MDRO infections. This information may increase the awareness among physicians about the prognostic value of creatinine tests at admission, and aid in the choice of initial antibiotics.
Methods
Study Design. This was an observational study using electronic health records.
Setting and data source. We used electronic healthcare data from four hospitals belonging to a healthcare conglomerate, Guangdong Provincial Hospital of Chinese Medicine (GDHCM), China. GDHCM is located in Guangzhou city with a population of 13,080,500 residents as of 2015 32 . GDHCM serves as one of the main referral centers for the area, with over 5 million outpatient visits and 70,000 inpatients per year. The four hospitals share the same electronic medical record database (EMRD), developed by International Business Machines Corporation (IBM), and which includes both inpatient and outpatient medical records. Table 1 for definitions 33 ), had a positive microbial culture result in which the type of sample matched the type of infection, and had at least one serum creatinine (sCr) measurement available at admission. Patients receiving renal replacement therapy (RRT, kidney transplantation or dialysis) were excluded. For patients with multiple hospital admissions, only the first admission record was used. The reasons why discharge diagnosis was used to confirm a hospitalization with infection included (1) need to capture all infections, including community acquired infection and health-care associated infection; (2) evidence was not always present to establish an infection diagnosis at admission. In the case of multiple infection diagnoses during the same hospitalization, only one infection-related diagnosis was used and only if the type of first positive culture aligned with the discharge diagnosis (Supplementary Table 2 ). For example, the first positive midstream urine culture should match to urinary tract infections; Bacteraemia/sepsis was valid if it had positive culture of any type and no other organ specific infection diagnosis. Thus, each hospitalization had a unique culture-confirmed infection diagnosis.
The protocol was reviewed and approved by the Ethical Committee of Guangdong Provincial Hospital of Chinese Medicine, China (B2016-194-01). Due to the retrospective nature of the study, informed consent was waived. All patient data were anonymized and de-identified prior to analysis.
Renal function estimation. Estimated glomerular filtration rate (eGFR) was estimated from serum creatinine (sCr) concentration at admission (the first value was considered if more than one test was taken on the same day), using the CKD Epidemiology Collaboration (CKD-EPI) formula 34 . Patients were divided into four categories of eGFR: eGFR ≥ 105, 60-104, 30-59, and <30 ml/min/1.73 m 2 , with eGFR of 60-104 ml/min/1.73 m 2 serving as the reference group because this range showed the lowest risk of infection in a previous study and higher eGFR, for example eGFR ≥ 105 ml/min/1.73 m 2 might indicate malnutrition, which would be predisposed to high risk of infection 9 .
Microbial susceptibility test and MDROs. Sampling and culture were performed according to standard procedures 35 . Microbiological tests based on Gram staining, microscopic observation of bacterial morphotypes, characteristics in culture medium and various specific biochemical reactions were applied to identify bacteria according to Clinical and Laboratory Standards Institute (CLSI) procedures 36 . Antibiotic susceptibility testing was also performed according to CLSI procedures, and micro-organisms were tested using a susceptibility panel 35 . The antibiotics panel used for susceptibility testing was applied according to CLSI guidelines and local prescription pattern. Minimum inhibitory concentrations (MICs) were determined by susceptibility analysis system (MicroScan ® WalkAway ® 96 Plus; Beckman Coulter, Brea, CA). The antibiotic susceptibility was interpreted using the CLSI MIC breakpoints at the time the test was conducted 35 . The standard and quality of the laboratory in GDHCM is certified by the International Organization for Standardization, ISO 15189.
MDROs were limited to a first culture positive pathogen of Staphylococcus aureus, Enterococcus spp., Enterobacteriaceae (other than Salmonella and Shigella), Pseudomonas aeruginosa and Acinetobacter spp., and acquired non-susceptibility to at least one agent in three or more antibiotic classes, defined by European Centre for Disease Prevention and Control (ECDC) and the Centers for Disease Control and Prevention (CDC) 37 . The first positive culture was used to avoid the influence of the initial antimicrobial therapy on culture result and different culture results during the same hospitalization.
Covariates. Patient age and sex were extracted from the medical records. According to the classification of Charlson comorbidities index using an established ICD-10 algorithm 38 , comorbid conditions were ascertained from the discharge diagnosis, including myocardial infarction, congestive heart failure, peripheral vascular disease, cerebrovascular disease, dementia, chronic pulmonary disease, rheumatologic disease, peptic ulcer disease, mild liver disease, diabetes without chronic complication, diabetes with chronic complication, hemiplegia or paraplegia, any malignancy, moderate or severe liver disease, metastatic solid tumor and AIDS/HIV. According to the GDHCM policy, discharge diagnosis was forced to include all the comorbid conditions from patients' medical histories. Numbers of cultures, types of specimens and types of infection-related hospitalizations (IRHs) were extracted from the EMRD.
IRHs were sub-classified as health care-associated IRH (HAIRHs), community-acquired IRH (CAIRHs), and undefined IRH (UIRHs). HAIRHs were defined as the onset of infection after 48 hours following admission and confirmed by health care-associated infection report in the database which was audited by infection control healthcare professionals in GDHCM. CAIRHs were defined as those with infection diagnosis at admission. UIRHs were those that did not fulfill any of the criteria above.
Statistical analysis. Numerical variables were summarized using mean ± standard deviation, or median and interquartile range, as appropriate, while categorical variables were summarized using proportions. Differences in baseline characteristics and the proportion of MDROs in the first culture result between groups of patients within the 4 different eGFR categories were compared using ANOVA, Mann-Whitney U test, chi-square test, Fisher´s exact test, or Wilcoxon rank-sum test, as appropriate. All the data extracted from EMRD in our study were complete, with no missing data and loss to follow-up.
Multivariable logistic regression was used to calculate the adjusted odds ratio (AOR) of MDROs in the first culture result among different categories of eGFR. Covariates included age group (18-44; 45-59; 60-74; ≥75 years), sex, and Charlson comorbidity index (excluding the renal disease score). A P-value < 0.05 was considered significant. Additionally, we repeated the main analysis in subgroups: different sex, age groups, diabetes groups, cause-specific infection-related outcomes including blood stream infections or sepsis, pneumonia and urinary tract infections and types of hospitalization. In light of the fact that reduced eGFR values at admission may have represented pre-existing renal impairment, we performed a sensitivity analysis in those with and without pre-existing reduced renal function. Reduced renal function at admission without pre-existing renal impairment was defined as eGFR 60-104 ml/min/1.73 m 2 at outpatient visit 1-12 months preceding hospitalization and eGFR < 60 ml/min/1.73 m 2 at admission. Reduced renal function at admission with pre-existing reduced renal function was defined as eGFR < 60 ml/min/1.73 m 2 both at preceding outpatient visits and at admission. We also performed a sensitivity analysis to estimate the relative risk of MDROs in the first culture result across different eGFR strata using log binomial model. All statistical analyses were performed using STATA version 14.2 (StataCorp, College Station, TX, USA).
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